The localized dislocation at the interface induces uneven strain distribution in two wafer-bonded layers. Because of the different elastic properties of two bonding layers and this uneven strain distribution, the bilayered microstructure deflects and deflection relaxes the strains. Depending on the microstructure dimensions, elastic properties and lattice parameters, the contribution of deflection to strain field can be very significant. The interface condition also plays an important role in relaxing strain. Two models capable of describing different interface conditions are used for the analysis and offer a more comprehensive study on the dislocation-induced strain field in a wafer-bonded bilayered microstructure. The combined effect of microstructure dimensions and interface condition on the strain is presented and compared.
Introduction
The threading dislocation appears when the film layer thickness reaches the critical value during the heteroepitaxial growth of the film on the substrate [1] . The threading dislocation starts from the interface and propagates through the layer to the free surface. Unlike the threading dislocation, the dislocation due to the wafer-bonding (also called waferfusion) locates around the interface and decays rapidly away from it [2, 3] . Compared with threading dislocation, the dislocation due to wafer-bonding also has a much smaller density [2, 3] . During wafer-bonding, the lattice mismatch is mainly accommodated by edge dislocation which is localized at the interface with little damage to the bulks of layers. However, in the heteroepitaxial growth case, the lattice mismatch is mainly accommodated by strain relaxation, which causes the large density of dislocation inside the layer [2, 3] . Although recent wafer-bonding experiments have shown that volume dislocation is also observed when voids, inclusions and impurities are present, the density of volume dislocation is still much smaller than that of threading dislocation [2] . Here the name 'volume dislocation' in [2] is used to differentiate itself from the dislocation localized at the interface and threading dislocation. Because of the characteristics such as low density and localization of dislocation, the wafer-bonding technique has been widely used for the development of optoelectronic and electronic devices with high performance and good reliability [4] [5] [6] [7] [8] [9] [10] .
Based on the linear elasticity theory and the Airy stress function method [11] , Liau develops a model of describing the dislocation-induced displacement/strain field in waferbonded layers [3] . Liau's model captures the characteristics of the rapidly diminishing strain away from the interface. In Liau's model, the strain along the interface is alternating, which implies that a potential well may be formed to lead to the development of quantum dots or quantum wires since strain alters the crystal symmetry and shifts the electronic bands [3] . However, Liau's model does not include the relaxation effect of bilayer deflection on strain. During waferbonding, the formation of covalent bonds at the interface requires the two layers to deform as one. The dislocationinduced uneven strain distribution and the discontinuity of elastic properties of two bonded layers result in deflection. The contribution of deflection relaxation to the bilayer strain field can be significant. At the same time, as almost all solid-state electronic components have the basic composite structure of a substrate with one or multiple film overlays, the stress distribution due to the elastic property discontinuity of different layers is of great concern manufacturing, processing and reliability of electronic components [12, 13] . This paper presents a more detailed analysis on the dislocation-induced stress/strain distribution inside layers by considering the effects of both deflection relaxation and interface layer.
Timoshenko's model is the simplest one to deal with the deflection of bilayer structure. Timoshenko's paper originally is on the study of the deflection of a bi-material thermostat in which two metal layers have different coefficients of thermal expansion [14] . Timoshenko's model is an approach of free body diagram analysis, which assumes an unknown force couple acting on the top and the bottom layers and the unknown force couple is related to the curvature and longitudinal stretching. When the bilayer structure size is large enough, Timoshenko's model gives a sufficiently accurate overall deflection and longitudinal film-force. As the bilayer structure size shrinks to microns, the difference between the experimental data and Timoshenko's model is very significant [15, 16] . Furthermore, Timoshenko's model does not provide any detailed information about the interface, including the distribution of the interfacial peeling and shear stresses [17] . In Timoshenko's model, the interfacial effect on the structure deflection is embodied in a constraint condition which requires no slip between the two layers at the interface. However, the wafer-bonded interface in general is not composed of 100% well-fused bonds [8] [9] [10] . The formation of an amorphous layer and dangling bonds in some regions between the two crystals results in the weakly bonded interface areas [5, 9, 10] . And this will definitely reduce the overall interface adhesion [10] . So the constraint condition of no interfacial slip, which is actually the ideal interface case, may not be applicable to the general cases. The shear lag (S-L) model, developed by Chen and Nelson [18] , and the lap shear (L-S) model, by Suhir [19, 20] allow the interfacial slip. In both the S-L and the L-S models, an interface layer is assumed and is responsible for the stress transfer between the two material layers. The S-L model has been shown to be equivalent to the damaged interface (DI) model [21] by Tullini [22] . Müller and Saúl give an in-depth discussion on various mechanisms causing the damaged/non-ideal interface [23] . Murray and Noyan have shown that the film longitudinal stress predicted by both Timoshenko and L-S models deviates significantly from the experimental data when the Cu/Si specimen is microns size [15, 16] , while the S-L model agrees well with the experimental data when the fitting factors are properly chosen [16] . The reason is that the interfacial parameters are fixed in the L-S model and are variable fitting factors in the S-L model. The interface layer properties including its uniformity, thickness and elastic moduli are generally unknown [15] , so it is appropriate for the use of fitting factors in the interface layer model.
There are other approaches to solving this kind of problem. For example, the elasticity approach [24, 25] is to first express the stress fields of layers, respectively. The stress fields in the different layers are related to each other by the interfacial continuity conditions (both stress ones and displacement ones) and the stress field is thus solved together with the boundary conditions. Essentially, the Timoshenko and S-L models are the beam/plate model incorporating the effects of deflection and interface conditions. The curvature of layered structure is directly solved in the beam/plate model and this is very useful for the widely used wafer curvature test in the experiment of measuring the stress inside layer [26] . At the same time, the interface layer model provides a simple and direct path for introducing the non-ideal interfaces explicitly into the models [15] .
The model development in this paper consists of four parts. The first part is to derive a more generalized stress/strained field due to dislocation, which is dependent on the layers' dimensions. Liau's stress/strained field [3] is shown to be a particular case in the model developed in this paper. The second part is to use the Timoshenko model of no interfacial slip to derive the strain field of layers induced by dislocation and relaxed by deflection. The third part is to use the S-L model of allowing interfacial slip to derive the strain field by adding the effect of interfacial slip. The derivation of this part is relatively complex, so an outline of the derivation and analysis of the difference between the Timoshenko and S-L models are given at the beginning of the third part for the reader to better understand the derivation process. As the governing equations of the S-L model are also complex, the fourth part provides the detailed solution process. Figure 1 (a) is a schematic diagram of two wafer-bonded layers and their interface. The coordinate system is shown in figure 1(b) . Its z axis is in the opposite direction of that of Liau's case [3] to follow the expressions of the Timoshenko and S-L models. l and l(1 + ) are the lattice parameters of the upper and lower layers, respectively. Here is the lattice mismatch strain. = |l/ |, which physically stands for the dislocation spacing, as shown in figure 1(a) . The dislocationinduced stress field for layer 1 (the upper layer) is as follows [3] :
Model development

Stress and strain field due to dislocation
A m e mζ cos(mξ ),
A m e mζ sin(mξ ).
Here
zz are normal stresses and σ 1 xz is shear stress. The superscript here indicates the layer number. For layer 2, the stress field is as follows:
Only one term from equations (1) and (2) can be taken. This may reduce the accuracy of the stress fields. However, to have higher order terms will require more knowledge of atomic arrangement [3] . For elastically isotropic materials, the strain field for layer 1 is as follows:
Here µ 1 and ν 1 are the shear modulus and Poisson's ratio of layer 1, respectively. Similarly, the strain field for layer 2 is the following:
µ 2 and ν 2 are the shear modulus and Poisson's ratio of layer 2, respectively. As reflected in equations (3) and (4), the dislocation-induced strain decays exponentially away from the interface. This rapidly decaying characteristic of strain can also be seen in the material surface after mechanical attrition treatment [27, 28] . A and B are the unknown constants. To determine A and B, the following constraints conditions are introduced:
t 1 and t 2 are the thicknesses of layers 1 and 2. The first condition in equation (5) is the compatibility condition. The second one is nothing more than Newton's third law, which indicates that the force due to the dislocation acting on layer 1 has the same magnitude as but opposite direction to that acting on layer 2 (here the two layers are assumed to have the same width). If σ 2 xx and σ 1 xx are the functions independent of z, equation (5) recovers Freund's constraint conditions [1] . Here we use the same constraint conditions as those for a heteroepitaxial film/substrate system [1] . The dislocation-induced strain distribution due to wafer-bonding is very different from that due to the threading dislocation in a heteroepitaixal film/substrate. This is reflected in equations (3) and (4) . For the constraint conditions, they are the same.
From equation (5), A and B are solved as the following:
From the solution of A and B of equation (6), the strain in equation (3) recovers Liau's particular case of
Timoshenko model
Equations (3), (4) and (6) give the strain distributions of the two layers. From these three equations, it can be clearly seen that one layer has negative (compressive) normal strain ( xx ) and the other has positive (tensile) normal strain at any given x. Such a strain distribution scenario is exactly the same as that of the heteroepitaixal film/substrate case [1] , which results in the deflection of the bilayer structure. In figure 1(c), there are two coordinate systems to describe the deflections of layer 1 and 2, respectively. Consequently, the strain fields solved in the coordinate system in figure 1(b) now change as the following for the two coordinate systems in figure 1(c):
From now on, equation (7) is used as the dislocationinduced strain fields for the Timoshenko and S-L models.
The structure is a one-dimensional Euler-Bernoulli beam; thus the contribution of dislocation-induced strains i xz and i zz to the deflection is so small as to be ignored. In figure 1(c), F i and M i (i = 1, 2) are the axial force and the moment acting on layer i. The equilibrium requires the balance of both force and moment. So we have
and
From equation (8), we have
Substituting equation (10) into equation (9), it gives
The longitudinal normal strains of the two layers are expressed as the following: 
. ρ is the radius of curvature. The coordinate systems in figure 1(c) are set to be consistent with those of Timoshenko [14] and Murray and Noyan [16] . By choosing coordinate systems in figure 1(c), ρ has the opposite sign of d 2 v/dx 2 and 1/ρ = −d 2 v/dx 2 [29] . In equation (12), the strain consists of three parts. The first term is due to the dislocation. The second one is due to the constraint axial force of deflection. The third one is due to bending. The relation between the bending moment and the curvature is the following:
Substituting equation (13) into equation (11), the following equation is derived:
The compatibility condition at the interface requires that
Equation (15) physically indicates that there is no slip between the two layers. From equation (15), P (x) is given as follows:
.
Once P (x) is solved, ρ is then solved from equation (14) . Substituting P (x) and ρ into equation (12) , the strain fields are found. In figure 1(c), 2L is the beam length. While this parameter does not appear anywhere in the Timoshenko model and boundary conditions are not applied, either. So Timoshenko' model fails to capture the edge effect [12, 13] of the composite system. In the energy method study on the deflection of film/substrate composite, there is no constraint force term [1] because the constraint force is internal force and its contribution to the total energy of the system is zero. While in the energy method, the film and the substrate share the same one deflection variable, which physically guarantees the continuity of displacement and strain but causes the discontinuity of stress at the interface [1] . The discontinuity of stress in the energy method is equivalent to the constraint force in free body diagram analysis.
S-L model
For the S-L model, an interfacial layer is assumed. The interfacial normal stress (σ o (x)) and shear stress (τ o (x)), as shown in figure 2 , have the following expression:
E o and G o are the Young's modulus and shear modulus of the interface layer, respectively. η is the thickness of the interface layer. In the S-L model, they are fitting factors [15, 16] . The actual varying parameters in the S-L model are E o /η and G o /η. u 1 (x, t 1 /2) and u 2 (x, −t 2 /2) are the longitudinal displacements of layers 1 and 2 at the interface. v 1 (x) and v 2 (x) are the transverse displacements of the mid-planes of layers 1 and 2. v i (x) here in the S-L model is independent of z. In the Timoshenko model, du 1 /dx and du 2 /dx are two unknowns to be determined and they are related to constraint axial force P (x) and curvature 1/ρ via equation (12) . In the S-L model the explicit unknown variables are five (u 1 , u 2 , v 1 , v 2 and P (x)) and of course they are not independent of each other. In the Timoshenko model, to find P (x) and 1/ρ, the equilibrium of force and moment of equations (8) and (9), the kinematic assumption of equation (12), the momentcurvature relation of equation (13) and the no slip condition at interface of equation (15) are used. In the S-L model, the equilibrium of force and moment changes to equations (19) and (20) and the no slip condition at interface is replaced by equations (17) and (18) . The kinematic assumption changes to equation (27) , which is very similar to equation (12) . But there is a fundamental difference between the two kinematic assumptions. In the Timoshenko model, the no slip condition at interface requires the two layers to deflect as one, and therefore in equation (12) , the two layers share one common curvature 1/ρ. Because of interfacial slip, the two layers cannot share one common curvature in equation (27) 
This also applies to the moment-curvature relations of equations (13) and (22) 
In the S-L model, the moment equilibrium is
V i (i = 1, 2) stands for the vertical shear force. The vertical force equilibrium requires
M 1 (x) and M 2 (x) are the moments acting on layers 1 and 2. Differentiating equation (19) and using equation (20), the following is derived:
The moment and curvature radius have the same relation as that in Timoshenko's model:
is the bending stiffness of layer i and expressed as
Substituting equation (22) into equation (21), the following is derived:
Differentiating equation (17) (24), the following is obtained:
a and b are defined as follows:
The longitudinal strains of the two layers in the S-L model have the following expressions:
At the interface, the longitudinal strains change as follows:
P (x) is an unknown constraint axial force. Differentiating equation (18) gives
Substituting equation (28) into equation (29) gives
Here is defined as
Differentiating equation (30) twice and using both equation (24) and 
Differentiating equation (25) twice and using equations (32) and (25) again, it leads to
To derive the governing equation for interfacial shear stress τ o (x), we differentiate equation (32) four times and use equation (32) again. The seventh order equation is as follows:
Integrating this equation once and using τ o (0) = 0 since the interfacial shear stress is an odd function [16] , the following sixth order differential equation is derived:
with g = 2π (34) has the following solution form:
Solutions of σ o (x) and τ o (x) of S-L model
Here A i s (i = 1-6) are the unknown constants to be determined by the boundary conditions. h cos(2π /x) is the particular solution and h is defined as
β 1 , β h and β v are the eigenvalues solved from the characteristic equation of equation (34) . The following parameters are defined to express the eigenvalues:
R 1 is defined as follows:
(41) y 1 , y h and y v are defined as
Now β 1 , β h and β v are defined as
The symmetry requires σ o (x) to be an even function [16, 18] ; therefore equation (37) changes as
The three boundary conditions for equation (34) are the following [16, 18] :
Here the boundary conditions are expressed by σ o and their physical meaning cannot easily be told. Physically, the first boundary condition above indicates that vertical shear force is zero at the free edge. The second and third ones involve the fact that both axial force and bending moment are zero at the free edges [16, 18] . The boundary conditions written in A i s are the following three equations:
The three boundary conditions above uniquely determine the values of A 1 , A 2 and A 3 .
For the solution of interfacial shear stress τ o (x) of equation (36), the solution has the following form:
Here C i s (i = 1-6) are the unknown constants to be determined by the boundary conditions. k sin((2π/ )x) is the particular solution and k is as follows:
While, in order to keep τ o (x) as an odd function [16] , equation (49) changes to the following form:
C i (i = 1-3) are correlated to A i s via equation (25) . It can be shown that the particular part solutions of equations (44) and (51) automatically satisfy equation (25) . C i s are expressed in A i s as
with γ 1 and γ 2 defined as To solve the longitudinal strains expressed in equation (27) , it needs to solve d
Integrating the first equation of equation (19), we have
During the derivation of equation (54), the fact that
dx, the longitudinal strain in layer 1 in equation (27) is found. The longitudinal strain of layer 2 can also be found by the same approach.
Results and discussions
For the computations done in this paper, the upper layer (layer 1) is germanium and the lower layer (layer 2) is silicon. L is fixed as L = 20 µm. For Ge(1 0 0), E 1 = 105.08 GPa, ν 1 = 0.26 and l = 0.56574 nm. For Si(1 0 0), E 2 = 150 GPa, ν 2 = 0.17 and l(1 + ) = 0.54306 nm. So here ≈ −4%. For isotropic material, 1, 2) . The interface layer is also assumed isotropic, therefore, [16] . ν o is Poisson's ratio of the interface layer. ν o is either assumed or averaged by those of the two layers [16] . Here ν o is taken as 0. (17) and (18), E o /η and G o /η are the parameters directly related to interfacial normal and shear stresses. G o /η can be used as a parameter indicating the interfacial slip condition. When G o /η is small, the interface is compliant and tends to slip more. As G o /η increases, the interface becomes more and more rigid. The parameter G o /η used by Noyan et al [15] is in the range of 2.85 × 10 16 to 2.85 × 10 17 Pa m −1 . But due to the uncertainty of the interface layer elastic properties, this parameter can also vary in a larger range for different conditions of non-ideal interface [16] . In both figures 3 and 4, t 1 = t 2 = 1 µm. In figure 3 , we examine the Ge layer strain (3)), which does not take into account the deflection contribution, is compared with those of the Timoshenko and the S-L models. Clearly in figure 3 , the two cases of the S-L model lie between the Liau and the Timoshenko models. In Timoshenko's model, the constraint condition of no slip generates a larger magnitude of constraint force P (x) than that of the S-L model at any given x. In Liau's case, there is no such deflection-induced constraint force P (x). And the strain due to constraint axial force P (x) in layer 1 of both the Timoshenko and the S-L models possesses the opposite sign of 1 xx (x, z) at any given x, which results in the difference from Liau's case. It can also be seen in figure 3 that the curve of the S-L model with larger E o /η is closer to the curve of Timoshenko's model. As mentioned above, when E o /η becomes larger (so does G o /η), the slip of two layers at the interface becomes more difficult. When E o /η is infinite, it is the no slip case of the Timoshenko model. Boundary conditions in the Timoshenko model are not applied; therefore, the boundary conditions-induced edge effect in the S-L model is another source causing the difference between the S-L model and the Timoshenko model, especially around the edge area. The effect of boundary conditions in the S-L model is incorporated in the solutions of σ o (x) and τ o (x).
In figure 3 , the strain difference of the three models along the x-axis is clearly seen. However, it is not clear at all from figure 3 how dislocation, constraint axial force and bending contribute to the total longitudinal strain, respectively. Figure 4 plots the 1 xx (x, z) distribution along the z-axis at x = 0. In figure 4 , the curves of the S-L model are still between the curve of Liau's model and that of Timoshenko's model. The strain of Liau's model decays exponentially away from the interface and is almost zero in most part of the layer. And Liau 's model in figure 4 indicates that the dislocation-induced strain in layer 1 is mainly in a range of 7 nm from the interface, while for both the S-L model and the Timoshenko model, the strains do not die out. They remain constant through the layer except in a small range around the interface. This difference results from the deflection-induced constraint axial force P (x). At x = 0, the dislocation-induced strain of layer 1 at interface is compressive (negative). At the same point, the strain due to P (x) is tensile (positive). The bending contribution to the total strain in the S-L model is −z d 2 v 1 /dx 2 and that in the Timoshenko model is z/ρ. Both are linear with z and hardly reflected in figure 4 . The bending contribution is relatively small.
In figures 5 and 6, all the parameters are kept the same as those in figures 3 and 4 except that t 1 is changed to t 1 = 0.5 µm. In figure 5 , the dislocation-induced strain at interface is −2.4289 × 10 −2 at x = 0. Compared with that of −2.42891 × 10 −2 in figure 3 , there is almost no difference between these two cases when the layer thickness t 1 changes. This is also reflected in equations (3) and (6) , namely that the dislocation-induced strain is insensitive to the layer thickness change when the layer thickness is much larger than while the strain due to the deflection has a significant change as the thickness changes. In figure 3 , the (total) strain at the interface of the Timoshenko model at x = 0 is −1.826 × 10 −2 . In figure 5 , this value is −1.291 × 10 −2 . In figure 3 , the (total) strain at interface of the S-L model at x = 0 is −2.288 × 10 (E o /η = 1 × 10 17 Pa m −1 ) in the S-L model. It needs to be emphasized here that the model presented in this paper is an idealized one: the dislocation is localized at the interface; also no other defect like twins propagates away from the interface into the layers; the interfacial strain induced by the dislocation is continuous (i.e. no void or bubble is formed at the interface); thermal stress due to the mismatch of the coefficient of thermal expansion is not considered; the additional elastic energy that the layers need to deform in order to overcome the surface asperities to bond is not considered, etc. In reality, those idealities cannot all be kept. Usually a high-temperature annealing process is necessary to enhance the bonding [30, 31] ; even under a room temperature bonding [30, [32] [33] [34] , the layers' temperature can also be significantly elevated due to the fact of covalent bonds forming at the interface. Therefore, the strain field can be significantly altered due to the high temperature and mismatch of coefficients of thermal expansion of the layers. Due to the wafer surfaces asperities, additional elastic deformation is required to fully bond the layers [35, 36] , and as a result this additional elastic deformation also changes the strain field. The contact mechanisms (for example, described by Chen et al as 'peak-to-peak', 'peak-to-valley' and 'contact of two surfaces under different scale roughness' mechanisms [31] ) or the misorientation of two wafers [33] can result in a different interface (energy) state and induce defects like twins propagating through the interface into the layers [31] . During the bonding, the bubbles can be formed at the interface because of that the released gases such as hydrogen have not been fully expelled or the presence of water and OH groups [30, [32] [33] [34] ; also when the wafer surface asperities is large and the layers do not have enough elastic deformation to fully touch/bond each other, voids are formed at the interface [31] . The presence of bubbles or voids at the interface clearly violates the implicit model assumption of continuous strain distribution. In the experiment by Gösele et al [32] , wafers are bonded at room temperature and without further heat treatment (so the thermal stress is small); under ultrahigh vacuum and relatively slow bonding speed (around 1 m s −1 , so most gases around the interface can be pumped out); with the wafer surfaces polished to optical flatness (so the elastic strain needed to overcome the surface asperities is small and also because of this small elastic deformation energy, the propagation of defects from the interface is difficult). Therefore, the model presented in this paper is a good approximation for the strain field analysis of the above bonding conditions.
Concluding remarks
The dislocation-induced strain is dependent on the structure thickness. However, when the layer thickness is much larger than the regular spacing of dislocation, the strain due to the dislocation is insensitive to the thickness change. This is reason why there is no parameter related to the structure dimension of the two layers in Liau's model. As the two layers are bonded together, the different elastic properties and dislocation-induced strain in the two layers cause the deflection. This paper mainly discusses the contribution of the deflection to the strain field of the bilayer structure with dislocation around the interface and makes a comparison with the results of different models. Liau's model, which has no deflection-induced constraint force, and Timoshenko's model, which has an ideal interface of requiring no interfacial slip, give two limits of the strain distribution. The S-L model describes a non-ideal interface which allows interfacial slip. The model including the deflection contribution to the total strain does not qualitatively change the strain field but quantitatively adjusts the magnitude of the strongly alternating dislocation-induced strain. This causes the change of potential well. Such a change may be important for the development of quantum dots or wires. Here the constraint axial force in both the Timoshenko model and the S-L model is assumed to be a function of x only. The dislocation-induced strain is a function of both x and z. So generally speaking, the constraint axial force should be a function of both x and z, which may result in a much more complex modelling analysis.
